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Material Properties of Lipid Microdomains: Force-Volume Imaging Study
of the Effect of Cholesterol on Lipid Microdomain Rigidity
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ABSTRACT The effect of cholesterol (CHOL) on the material properties of supported lipid bilayers composed of lipid mixtures
that mimic the composition of lipid microdomains was studied by force-volume (FV) imaging under near-physiological conditions.
These studies were carried out with lipid mixtures of dioleoylphosphatidylcholine, dioleoylphosphatidylserine, and sphingomye-
lin. FV imaging enabled simultaneous topology and force measurements of sphingomyelin-rich domains (higher domain (HD))
and phospholipid-rich domains (lower domain (LD)), which allowed quantitative measurement of the force needed to puncture
the lipid bilayer with or without CHOL. The force required to penetrate the various domains of the bilayer was probed using
high- and low-ionic-strength buffers as a function of increasing amounts of CHOL in the bilayer. The progressive addition of
CHOL also led to a decreasing height difference between HD and LD. FV imaging further demonstrated a lack of adhesion
between the atomic force microscope tip and the HD or LD at loads below the breakthrough force. These results can lead to
a better understanding of the role that CHOL plays in the mechanical properties of cellular membranes in modulating membrane

rigidity, which has important implications for cellular mechanotransduction.

INTRODUCTION

Membrane rafts have been defined as ‘“‘small (10200 nm),
heterogeneous, highly dynamic, sterol- and sphingolipid-en-
riched domains that compartmentalize cellular processes’
(1). These microdomains, which are recognized as deter-
gent-resistant membranes, are postulated to be biologically
important because of their physical and chemical properties
(2,3). According to the raft hypothesis, sphingolipids and
cholesterol (CHOL) preferentially pack into laterally orga-
nized regions in which proteins can be selectively included
or excluded (4-6). In humans, CHOL accounts for as
much as 50 mol % of lipid composition (7) and plays an
important role in physiological functions such as maintaining
membrane thickness and fluidity (8), limiting ion leakage
(9), ensuring signal transduction (10,11), trafficking mem-
brane proteins (12—14), mediating certain neurodegenerative
disorders (15), and causing infertility (16). CHOL has also
been shown to play a key role in mechanotransduction
processes in endothelial cells and differential activation of
extracellular signal-regulated kinase due to shear stress or
hydrostatic pressure (17,18).

Lipid-lipid interactions are fundamentally important for
the emergence of lateral membrane heterogeneity. Close
packing with the saturated acyl chains of sphingolipids, as
opposed to looser packing in unsaturated phospholipids,
probably leads to phase separation. With high levels of
CHOL, the subdomains exist as liquid-ordered regions and
exhibit less fluid properties (19). It is believed that lateral
heterogeneity in defiance of the membrane’s fluid nature
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influences protein function directly by modulating mem-
brane properties (20). However, there is a disconnect
between lipid microdomains derived from biochemical and
biophysical assays and localized measurements, since the
physical tools used to study lipid microdomains are still
being developed. To address the lack of understanding of
membrane organization and its mechanical rigidity, investi-
gators have attempted to characterize (with nanometer reso-
lution) lipid membrane spatial organization in the presence
of CHOL (21-23).

Supported lipid bilayers (SLBs), which are formed by
spreading vesicles from solution onto suitable substrates,
have become popular models of cellular membranes for
fundamental and applied biophysical studies of membrane
structure (24,25), drug interactions (26-29), and transmem-
brane protein structure (30,31). SLB membranes constitute
an attractive reductive system for studying membrane phys-
iological processes in proteins and other membrane-active
biomolecules in a biomimetic environment (32-35).

Chemically identifying and quantifying the lateral compo-
sition of multicomponent bilayers is a difficult task. The
possibility of a different lipid composition in the two leaflets
of the bilayer exacerbates the problem, and techniques to
chemically analyze membrane components in both leaflets
are unavailable (36). A form of high-resolution secondary
ion mass spectrometry, termed NanoSIMS, has revealed
lipid distribution within a phase-separated membrane with
a lateral resolution of ~100 nm (22). However, NanoSIMS
is performed in a vacuum and requires freeze-drying before
analysis using isotope labels. This environment is not reflec-
tive of physiological conditions, and dynamic variations in
lipid distribution are not accessible by NanoSIMS. Fluores-
cence microscopy and fluorescence correlation spectroscopy
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have been employed to visualize distinct lipid phases and
lateral heterogeneities within membranes using dye-labeled
lipids or polarity-sensitive probes (37-42). However, the
lateral resolution of such fluorescence-based techniques is
diffraction-limited, and the required fluorescently labeled
lipids have been reported to perturb membrane organization
(43-45).

High-resolution atomic force microscopy (AFM) has been
applied to study biological membranes (21,24,26), and
lateral and chemical force microscopy has been used to
investigate the mechanical properties of phospholipid bilayer
domains and phases (46). Employing lateral force micros-
copy to measure mechanical property variations associated
with the chemical components within these bilayers is chal-
lenging because such measurements are prone to cause
surface defects due to the scanning tip perturbing or even
puncturing the soft membrane surface (46).

With the use of pulsed force mode scanning force micros-
copy (PFM-SFM), contrasts in adhesion for ternary mix-
tures of SLBs have been achieved (47). Force spectra reveal
a higher adhesion for dioleoylphosphatidylcholine (DOPC)-
rich phases, in contrast to domains rich in sphingomyelin
(SM) and CHOL. Contrast in adhesion is a result of deeper
tip penetration into the DOPC liquid phase. The capacity of
the tip to penetrate the membrane is related to the maximum
force applied, which is known as the trigger threshold.
This technique can provide high-spatial-resolution images of
membranes; however, it does not provide postprocessing
quantitative force curves, because only the stiffness (slope)
and adhesion (pull-off force) values from each point are stored.

In the recently developed digital pulsed force mode
(DPFM), force curves at each point can be stored and
analyzed. However, the resolution of these curves is very
low. The force applied to the surface in these pulsed modes
is difficult to control and hence surface damage is a possi-
bility (48). This is a severe limitation for soft samples such
as SLBs because they are very easy to penetrate, and disrup-
tion of the layer will certainly yield incorrect results for both
topography and force. Additionally, such penetration will
likely destroy the layer and contaminate the AFM probes.

These difficulties can be overcome by a technique known
as force-volume (FV) imaging, which measures high-
resolution force curves in such a way that topology and inter-
action forces are measured simultaneously. This technique
has been available for some time and has been used to
examine polymer properties (49,50) and produce elasticity
maps of heterogeneous materials such as biominerals (51),
carbon nanotubes (52), polymer composites (50,53,54),
and living cells (55-57). FV rasters the AFM tip over the
surface to measure forces as a function of position, creating
a force density map that is directly correlated to topography.
This approach is slower than some recent techniques, but has
the twofold advantage of allowing very fine tuning of the
maximum (or threshold) force applied and more precise
measurement of force curves. This ensures that in soft
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samples, the proper topography of undisturbed layers is
measured with force curves corresponding to interactions
between the tip and intact bilayer.

Recent work have reported the nanoscale mapping of
bilayer forces (57-62). It is difficult to probe the force
behavior of SLBs on the nanometer scale because of position
drift during imaging and the conformational and translational
variation in bilayers. In-fluid AFM in FV mode can overcome
these difficulties. Early pioneering work demonstrated the
wealth of information available from such studies (58,59).
Additionally, it is possible to examine the mechanics of lipid
rafts when CHOL is incorporated. Herein, we present an
analysis of model lipid membranes using FV imaging. We
obtained topographical information while collecting force
curves at each point for multicomponent lipid raft membranes
with or without CHOL at a lateral resolution of 20 nm.

MATERIALS AND METHODS

SLBs were prepared as described previously (34) and briefly summarized
here. Further details are provided in the Supporting Material (this informa-
tion is available free of charge at http://www.cell.com/biophysj/). Lipids and
CHOL (from Avanti Polar Lipids, Alabaster, AL) in appropriate ratios were
dissolved in chloroform to form a bilayer on the vessel walls. After the
solvent was removed, they were redissolved in HEPS buffer to yield vesicles
of the appropriate composition. After a 12 h incubation, the lipids were
extruded to obtain 100 nm diameter vesicles, which were then deposited
onto freshly cleaved mica.

Visualization and force measurements of the SLBs were performed using
a commercial atomic force microscope (Nanoscope IV; Digital Instruments/
Veeco, Santa Barbara, CA) equipped with a J scanner. A quartz fluid cell
was used without the o-ring. The samples were imaged using unmodified
triangular Si;N, cantilevers (OTRS; Digital Instruments) with a nominal
spring constant of 0.15 N m~' operating at a frequency of 7-9 kHz in
tapping mode. The same cantilevers were also operated in contact mode
to perform FV imaging. FV imaging was conducted under high ionic
strength (HIS) buffer (10 mM HEPES, 150 mM NaCl, pH 7.0) and low ionic
strength (LIS) buffer (10 mM HEPES, 1 mM NaCl, pH 7.0) at room temper-
ature (RT). FV images (32 x 32 force curves) were collected at a scan rate of
0.07 Hz in relative trigger mode (63).

RESULTS

FV images can selectively show the force spectra when the
probe is moved toward the surface (approach direction) or
withdrawn from it (retract direction). Along the force curves
(either approach or retract), a z-displacement position is
selected and the force at this displacement for each pixel in
the image is used to create a force map. In approach FV
images, a bright pixel means an increase in repulsive force.
In contrast, in retract FV images, a dark pixel indicates an
increase in adhesive force.

To probe the role of CHOL in the mechanics of lipid
microdomains, we prepared SLBs of sphingomyelin (SM),
SM/CHOL (3:1, mol/mol), DOPC/dioleoylphosphatidylserine
(DOPS) (1:1, mol/mol), DOPC/DOPS/CHOL (45:45:10, mol/
mol/mol) on mica. Additionally, DOPC/DOPS/SM (1:1:2,
mol/mol/mol) SLBs were prepared with increasing amounts
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of CHOL (varied from 0 to 50 mol % of the total amount of
lipid). Each sample was imaged initially by tapping-mode
AFM in fluid, followed by contact-mode imaging in fluid
when simultaneous FV images were collected. Initial experi-
ments using SM and DOPC/DOPS (1:1, mol/mol) SLBs facil-
itated the identification of SM-rich domains and determination
of force and trigger set points required to image more complex
bilayers. As previously reported, the formation of SLBs on
mica is governed by electrostatic interactions due to variation
in the headgroup charge in different ionic strength buffers
(64). This variation in the headgroup charge, and hence the
lipid-lipid interaction, will affect the AFM tip-bilayer interac-
tions and thus the breakthrough for bilayers will vary with ionic
strength. FV imaging of SLBs was conducted under HIS and
LIS conditions to map the breakthrough forces during
approach and the adhesion during retraction of the AFM tip.

SM and SM/CHOL (3:1, mol/mol) SLB

In the absence of CHOL, the SM bilayer showed compact and
planar structures under HIS buffer (pH 7.0) at RT (Fig. 1 a).
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Some bare mica areas were visible and double bilayers were
formed during vesicle fusion. Using defects in the single
bilayer and cross-section analysis, we determined the thick-
ness of the SM bilayers (Fig. 1 b) to be 6.1 nm = 0.2 nm
(n = 50), and the thickness of the double bilayers was approx-
imately double that. Fig. 1 b illustrates a typical force curve on
an SM bilayer under HIS buffer. A discontinuity was
observed in the contact region of the approach curve, indi-
cating a sudden movement of the tip toward to the surface.
The force at which this event occurs corresponds to the break-
through force of the bilayer. The measured breakthrough
forces under both HIS and LIS buffer are shown in Fig. 1, ¢
and d. The breakthrough force under LIS buffer (0.78 nN,
Gaussian width (GW) = 0.04 nN) was much smaller than
that under HIS buffer (6.60 nN, GW 0.50 nN)
(Table S1).

The mixture of SM/CHOL (3:1, mol/mol) exhibited a
bilayer with an apparent height of 5.2 nm =+ 0.3 nm, as
measured again using bare patches (Fig. 1 e). The bilayer
surface also showed some wrinkle-like features. These
features likely reflect an incomplete packing of the lipids in
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CM Low ionic strength buffer d 80
70 70
€0 60
50 50

‘2 40 § 40

3 3

8 » 8=
20 20
10 : 10
Q- - - 1]

05 06 0.7 08 0.9 1.0 4 5 6

High ionic strength buffer

bilayers. (@) AFM height image of SM bilayer;
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inset image is a cross section of the line in a,
showing bilayer thickness at position X1 or X2
was ~6.1 nm. (b) Force spectroscopy on SM bila-
yers, showing a discontinuity corresponding to
the force required to puncture the SM bilayers.
Breakthrough forces of SM bilayers under LIS
(¢) and HIS (d) solutions. Lines are fits of the histo-
grams to Gaussian distributions. (¢) AFM height
N image of SM/CHOL (3:1, mol/mol) bilayers
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the bilayer due to the intersection of two spreading vesicles.
Similar processes give rise to crystal defects when two crystal
faces grow into one another. This interpretation is supported
by the apparent height difference of 0.2 = 0.04 nm (Fig. 1 f)
between the main bilayer regions and the regions of looser
packing. The areas with lower packing density are lower, as
expected. Under HIS conditions, the breakthrough force
of the SM/CHOL (3:1, mol/mol) bilayer was distributed
around 6.21 nN (GW = 0.84 nN) in the main (HD) bilayer
regions (marked by the black arrow in Fig. 1 f) and 4.28 nN
(GW = 0.57 nN) in the lower domains (LDs; marked by the
white arrow in Fig. 1 f), again supporting the incomplete
packing theory for the LDs. AFM imaging experiments in
LIS buffer for this system proved very difficult due to tip
contamination.

50 4
o 404 \
g
°30
Q
204
10 I n
] VT,
20 25 30 35 40 45 50 55 60

Breakthrough Force (nN)

837

DOPC/DOPS (1:1, mol/mol) and DOPC/DOPS/
CHOL (45:45:10, mol/mol/mol)

A binary bilayer of DOPC and DOPS was prepared at a mole
ratio of 1:1. No phase separation was observed for the binary
SLBs (Fig. 2 a), since both DOPC and DOPS have the
same unsaturated hydrocarbon chains, and the phase
transition temperatures are below 0°C (DOPC —15°C;
DOPS —11°C, according to the supplier (65)). At RT, the
DOPC/DOPS bilayer exists in a liquid-crystalline phase.
The thickness of this binary bilayer was 4.1 + 0.1 nm, as
measured using defects in the bilayer. The breakthrough
force was 4.38 nN (GW = 0.51 nN) under HIS conditions
and 3.58 nN (GW = 0.64 nN) in LIS buffer.

FV imaging was done on DOPC/DOPS (1:1, mol/mol) bila-
yers containing 10 mol % CHOL. Fig. 2 b shows the topography
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FIGURE 2 Observation and force analysis on DOPC/DOPS (1:1, mol/mol) and DOPC/DOPS/CHOL (45:45:10, mol/mol/mol). (@) Typical AFM height image
of the DOPC/DOPS (1:1, mol/mol) bilayer. () AFM height image of the DOPC/DOPS/CHOL (45:45:10, mol/mol/mol) bilayer. (¢) Topography image in FV
mode of the bilayer in b. (d) Breakthrough map created using approach-force curves such as those shown in g. (a—d) Scan size: 1 um x 1 um. (a—c) Height scale:
10 nm. (d) Force scale: 3.0 nN. Breakthrough force distribution in regions A and B under LIS (e) and HIS (f) (n = 200 for both distributions). Lines are fits of the
histograms to Gaussian distributions. (g) Typical approach-force curves observed in the areas labeled in d.
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of the DOPC/DOPS/CHOL (45:45:10, mol/mol/mol) bilayer
imaged at high resolution (512 x 512 points). The height
image (Fig. 2 ¢) collected in FV mode (lower resolution)
was similar to Fig. 2 b. There was no significant difference
in topography with and without CHOL (compare Fig. 2, a
and b). However, the FV image obtained under HIS solution
using the approach-force curves showed considerable
contrast (Fig. 2 d). The FV image highlighted that two dif-
ferent breakthrough forces are observed corresponding to
the two force curves shown in Fig. 2 g. The distributions of
breakthrough forces for the DOPC/DOPS/CHOL (45:45:10,
mol/mol/mol) bilayers are depicted in Fig. 2, e and f, under
LIS and HIS conditions, respectively. For Fig. 2, ¢ and f,
~200 forces curves from each region were used to obtain
the distributions to allow easy comparison. In HIS buffer,
the average breakthrough force in region A of Fig. 2 d was
significantly higher (5.07 nN, GW = 0.27 nN) than that in
region B, (4.07 nN, GW = 0.21 nN). Similarly, under LIS
conditions, the average breakthrough force in region A was
again higher (4.22 nN, GW = 0.41 nN) than that in region
B (3.17 nN, GW = 0.44 nN). In both cases, the breakthrough
forces in region B were similar to that for CHOL-free DOPC/
DOPS (1:1, mol/mol) bilayers (Table S1). The area of higher
breakthrough force in Fig. 2 d (labeled A) accounts for almost
10% of the image area, suggesting that these areas of the
bilayer are CHOL-rich. Similar domains have been observed
using fluorescence imaging of DOPC/DOPS bilayers (66).

DOPC/DOPS/SM (1:1:2, mol/mol/mol)

Without CHOL, DOPC/DOPS/SM (1:1:2) bilayers at RT are
expected to have both a liquid-crystalline phase and a gel
phase because SM has a phase transition temperature of
40°C (67). Therefore, at RT only the component containing
SM exists in the gel state, and these SM-rich sections are
observed as an HD with a height of 5.6 nm similar to the
SM bilayer thickness (Fig. 1 a). These gel domains within
a softer, more fluid bilayer are often termed microdomains.
There are many circumstances, such as protein or CHOL
inclusion, that have been observed to give rise to micro
domains (68). When CHOL was introduced, it imposed
a conformational ordering upon a neighboring aliphatic
chain due to its flat and rigid molecular structure. The SM
gel phase and neighboring phospholipid liquid phase con-
verted to an intermediate state, and physical properties
such as thickness, fluidity, and rigidity change in turn (8).
As shown in Fig. S1, DOPC/DOPS/SM bilayers exhibited
phase separation such that the SM-rich domains (HD) were
typically ~1.3 nm higher than the neighboring phospho-
lipid-rich domains (LD), in agreement with previous results
obtained by AFM on DOPC/SM SLBs (69). With increasing
CHOL content, the difference in height between HD and
LD decreased from 1.3 nm to 0.6 nm due to an increase in
LD thickness from 4.2 nm to 4.8 nm (Fig. S1 »). However,
the measured thickness of HD did not change much (e.g., ,
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5.5 = 0.2 nm for the mixture without CHOL and 5.4 =+
0.2 nm for the mixture with 50 mol % CHOL).

We also performed FV imaging after zooming into
a smaller region of the bilayer (Fig. 3 a). Fig. 3 b shows
a topographic image of a DOPC/DOPS/SM (1:1:2, mol/
mol/mol) bilayer under HIS conditions, acquired with
32 x 32 pixel resolution (Fig. 3 b) as opposed to 512 x 512
pixel resolution (Fig. 3 a). As expected, the breakthrough
force on SM bilayer was larger than that on a DOPC/
DOPS (1:1, mol/mol) bilayer. When the trigger value was
precisely adjusted to be lower than the breakthrough force
of SM-rich domains and higher than that of the phospho-
lipid-rich domains, the different bilayer domains yielded
different force curves, as shown in the FV images of the
DOPC/DOPS/SM (1:1:2, mol/mol/mol) bilayer (Fig. 3, ¢
and d). Fig. 3 ¢ shows a map of breakthrough forces obtained
from approach-force curves, and Fig. 3 d shows the adhesion
map obtained from retract-force curves. Both the repulsive-
and adhesive-force maps discriminate between the domains
observed in the height image (Fig. 3 b) based on the nanome-
chanical response.

Fig. 3 e illustrates the approach-force curves for HD, LD,
and the domain boundaries, respectively. In Fig. 3 a, these
force curves show different behaviors for different domains.
For example, there was no breakthrough event in HD, indi-
cating that the load is not big enough to puncture the SM-
rich domain, as expected. Discontinuities in the force curves
for the LD and the domain boundaries in Fig. 3 e indicated
that the phospholipid-rich domain and the boundary of
domains are easy to puncture under the same load.

We analyzed the adhesion of different domains using the
retract-force curves obtained with the trigger value lower
than the breakthrough force of SM-rich domains and higher
than that of the phospholipid-rich domains. The retract-force
curve in an SM-rich domain (HD) did not show an adhesion.
On the other hand, the retract-force curve for the phospho-
lipid-rich domain (LD) showed an adhesion, but only when
the approach trigger value was set above the breakthrough
force, so that the AFM tip penetrated the bilayer and was
exposed to the underlying mica. Fig. 3 d maps the adhesive
force of the entire bilayer, showing that the adhesion force on
the HD was much lower than that on the LD.

The domain boundaries are apparent in FV images as
pixels of different intensity (Fig. 3, ¢ and d). Typical
domain-boundary force curves are plotted in Fig. 3, e
and f. FV images under LIS conditions were also examined
and showed results similar to Fig. 3 (data not shown).

The breakthrough forces on mixed bilayers with
increasing CHOL content were analyzed. For DOPC/
DOPS/SM (1:1:2, mol/mol/mol), FV imaging of bilayers
containing 10 mol % CHOL was performed with both high
and low trigger values. With a small trigger value, the tip
did not puncture the HD. As shown in Fig. 4, the FV images
present good phase separation corresponding to the topo-
graphic image. Force spectra in HD, LD, and the domain
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FIGURE 3 FV imaging on DOPC/DOPS/SM
(1:1:2, mol/mol/mol) bilayers under HIS solutions.
1nN (a) AFM height image. Scan size: 1 um X 1 pum,
height scale: 5 nm, 512 x 512. (b) AFM height
image zoomed in the area in a. Scan size: 500 x

500 nmz; height scale: 5 nm, 32 x 32. (¢) Break-
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boundaries shown in Fig. 4, d and e, were similar to those of
the DOPC/DOPS/SM (1:1:2, mol/mol/mol) bilayers without
CHOL. However, a higher average breakthrough force of
~4 nN was determined for the LD in Fig. 4 b compared to
~3 nN for the LD in Fig. 3 ¢. When the trigger value was
increased to a force higher than the HD breakthrough force
(Fig. S2), the contrast between domains in the height image
was blurred, whereas phase separation in the breakthrough
map (Fig. S2 b) was quite clear. Approach-force curves for
the HD and LD are shown in Fig. S2 ¢. Both force curves
show breakthrough events during approach to the SLBs.
However, for the retract-force curves, no large differences
as a function of lateral position on the sample were observed,
indicating that adhesion for both domains was similar.
When the CHOL content was increased to 50 mol %, the
AFM probe was easily contaminated and became sticky.
Under such conditions, FV imaging could not be performed
due to tip contamination in contact mode, even though the
domains could be observed by tapping-mode AFM. For
SLBs with increasing CHOL content from O to 33 mol %,

80 100

Z displacement (nm)

the breakthrough forces on HD and LD were analyzed
(Table S1, Fig. S3). The breakthrough forces on HD under
HIS conditions showed a decreasing trend from 6.77 nN
(GW = 0.58 nN) to 446 nN (GW = 0.53 nN) upon
increasing CHOL content from 0 to 33 mol %. In contrast,
the observed breakthrough force on LD in HIS buffer did
not show a clear trend. Nevertheless, the LD breakthrough
forces under HIS conditions were always lower than the
HD forces (Table S1).

Under LIS conditions, the observed breakthrough forces
increased for both HD and LD with increasing CHOL
content. The HD and LD breakthrough forces increased
~30% and ~200%, respectively, when CHOL content
increased from O to 33 mol %.

Force curves at lipid domain boundaries

During FV imaging, normal approach-force curves showed
a discontinuity when the load was high enough to puncture
the SLBs (Fig. 4 d and Fig. S2 ¢), and no discontinuity
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FIGURE 4 FV images at a trigger value of
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otherwise (HD in Figs. 3 e and 4 d). This was true for most
parts of the mixed bilayers. However, on the boundary of HD
and LD, an unusual force curve was observed when the
trigger was set to a value slightly lower than the threshold
force to breakthrough HD. As shown in Figs. 3 fand 4 e,
there were no discontinuities observed on the approach
curve. However, when the probe was retracted, a disconti-
nuity was observed at the start of the retract cycle. To the
best of our knowledge, such force behavior has not been
observed previously on phospholipid bilayers.

Adhesion on mixed bilayers

FV imaging also allowed us to analyze adhesion. The effect
of CHOL on membrane cytoskeleton adhesion is considered
an important factor in cellular mechanical properties (70). To
assess the adhesion, we had to set the trigger to be smaller
than the threshold force to break through the bilayers
(Fig. 4 d). If the probe breaks through the bilayers (see for
example Fig. 4 ¢), the adhesion could due to interactions
between the probe and the solid support rather than probe-
bilayer interactions. No adhesion was found under HIS or
LIS conditions for trigger values below the breakthrough
force in any of the samples.
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DISCUSSION

Elucidating CHOL’s role in the formation and maintenance
of more highly ordered membrane domains has been of
significant interest for some time. Exactly how CHOL helps
membrane domains mediate stress-induced mechanotrans-
duction is still not fully understood. In this work,
microdomains were observed as higher regions in the
bilayers containing SM and were still present after addition
of CHOL. Using FV imaging, we demonstrated the ability
to sense mechanical properties as a function of lateral phase
separation with a high resolution on the scale of 10-20 nm.
Our goal was to investigate the effect of CHOL on the
rigidity of the cellular membrane. SLBs of SM, phospho-
lipids, and mixtures of SM and phospholipids were used as
model membranes.

The initial aim of these experiments was to elucidate
membrane properties in the absence of CHOL. We used
two different buffer systems in which the HIS buffer was
similar to the physiological environment of mammalian
cells. The mechanical properties under HIS conditions mimic
the real situation in which the cellular membrane responds to
mechanical pressure and thus mediated mechanotransduc-
tion (17,18,71). Although LIS conditions may not have
a direct relation to the physiological situation, changes in
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the strength of the interactions between headgroups can help
elucidate the important forces governing the material proper-
ties of the bilayer.

A study by imaging mass spectrometry shows that there is
significant intermixing of components in phase-separated
lipid structures. For example, SM-rich domains are not
exclusively composed of SM, and phospholipid-rich
domains contain other components (72). It is reasonable to
assume that domains formed in multicomponent systems
would have different physical properties compared to pure
bilayers of the same nominal composition, given the pres-
ence of small amounts of other species. For example, the
height of SM-rich domains (without CHOL) in the DOPC/
DOPS/SM bilayers was ~0.5 nm lower than that of pure
SM bilayers.

Differences in repulsive or adhesive force could also be
seen at domain boundaries in DOPC/DOPS/SM (1:1:2, mol/
mol/mol) bilayers. For HIS solutions, breakthrough forces
at the boundary regions were somewhere between those for
HD and LD, indicating a different structure or a transition
region. This interpretation was strengthened by the observa-
tion of force curves with discontinuities in the retract traces
(Fig. 3 /) in the boundary regions.

Some force curves observed at the domain boundaries
(Figs. 3 f and 4 e) suggest that when it starts to retract
from the surface, the tip is suddenly subjected to much
stronger forces. We speculate that this is due to an ordering
of the edge of the HD as the tip pushes past it into the LD.
Although the HD is more ordered than the LD, at the edge
there must be some disorder due to incomplete two-dimen-
sional packing. During approach, the tip induces better
packing along the edge. When the tip is then retracted, it
experiences the briefly increased stiffness of the more-
ordered HD until it reaches a critical point where the order
is lost and the stiffness decreases. These force curves were
observed exclusively at the boundary of SM-rich domains.
We should point out that we cannot discount the possibility
that the unusual force curves may also be a result of the inter-
action geometry between the tip and surface over which we
have no direct control.

With respect to the complexity of the headgroup struc-
tures, hydrocarbon chain length, and the degree of unsatura-
tion of the acyl chains, it is difficult to predict the physical
properties of individual lipids interacting with CHOL. The
insertion of CHOL into the planar bilayers will lead to a later-
ally condensed membrane (73,74). The addition of 25 mol %
CHOL leads to the appearance of domains that are slightly
thinner than pure SM bilayers. These domains are likely
areas of poorer lipid packing and may result from a higher
local level of CHOL that interrupts the SM packing. The
area of the LDs accounts for only 9% of the total image
area, which indicates that although there may be areas of
higher CHOL concentration, much of the CHOL is spread
throughout the SM/CHOL (3:1, mol/mol) bilayer. Under
HIS conditions, the breakthrough forces of the mixture of
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SM/CHOL (3:1, mol/mol) bilayers presented two distribu-
tions centered at 6.21 nN and 4.28 nN. The breakthrough
force on the LDs (4.28 nN) was considerably lower than
that of pure SM bilayers (6.60 nN). These lower break-
through forces suggest a looser packing in these domains.

The presence of localized areas of higher CHOL concen-
tration is also observed in the phospholipid (DOPC/DOPS)
bilayer. Although not much height difference was observed
in DOPC/DOPS (1:1, mol/mol) bilayers with 10 mol %
CHOL, heterogeneities in the breakthrough force map were
observed (see Fig. 2 d). In contrast to the SM case, CHOL
in the DOPC/DOPS layer increases the breakthrough forces.
These results are not surprising since CHOL in a loosely
packed liquid-crystalline layer such as DOPC/DOPS would
likely help stabilize intermolecular interactions between
lipids, increasing rigidity, whereas CHOL would likely inter-
rupt these interactions in a tightly packed SM bilayer, thus
decreasing rigidity.

CHOL has been reported to thicken the phospholipid bila-
yers in the liquid phase (75,76). Our AFM work agrees with
previous findings that CHOL increases the thickness of phos-
pholipid-rich domains. The situation is rather different for
SM bilayers. An x-ray study by Maulik and Shipley (77)
showed that the thickness of the bilayers of C18:0-SM
decreased from 5.2 nm to 4.6 nm with the addition of
50 mol % CHOL. The SM we used in our work was
C17:0-SM, which is similar to C18:0-SM in that it is
composed of hydrocarbon acyl chains, and the thickness of
the pure SM bilayer decreased from 6.1 nm to 5.2 nm
upon addition of 25 mol % CHOL. However, as shown in
Fig. S1 b, the thickness of SM-rich domains in DOPC/
DOPS/SM (1:1:2) bilayers did not change with CHOL
concentration. We suggest that this is due to residual
amounts of DOPC and DOPS mixed in with the SM compo-
nent. As discussed earlier, CHOL has opposite effects on the
thickness of the SM (decreasing effect) and DOPC/DOPC
(increasing effect). These two effects may partially balance
each other, and hence no change in thickness will be
observed for the SM-rich domains in DOPC/DOPS/SM.

In the case of mixed bilayers, lipid microdomains are
probably formed driven by lipid-lipid interactions (8). Lipids
with fully saturated acyl chains and the same headgroups
tend to be the most miscible (78). SM is composed of
long, saturated fatty acyl chains that can pack tightly, and
therefore has a high propensity to form domains in a phos-
pholipid matrix even without CHOL. CHOL has been shown
to interact preferentially with SM in a mixed lipid bilayer
(79). In contrast to phospholipids, SM possesses both
hydrogen bond-acceptor and donor groups. The hydrogen
bonding is believed to contribute to CHOL-SM interactions.
Additionally, the amide linkage in SM molecules has been
reported to be important for interactions with CHOL (80,81).

In this study, the domain mechanical properties in the
mixed bilayer changed with varying CHOL concentrations.
In a study using pure SM bilayers, Li et al. (82) found that
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SM-CHOL interactions decreased the in-plane elasticity of
a pure SM monolayer, demonstrating the effect of CHOL
on bilayer mechanical properties. Rigidity changes can be
qualitatively explained by variation in the threshold force
to breakthrough bilayers before and after CHOL addition.
CHOL incorporation leads to phase transition of the lipid
membrane from a solid-ordered to a liquid-ordered phase,
or from a liquid-disordered to a liquid-ordered phase (19).
For HIS, increasing CHOL lowers the rigidity of the HD,
as expected. Therefore, CHOL softens the SM-rich domains.
Of interest, the breakthrough force of HD appears to change
slowly below 20 mol % (see Table S1), indicating that the
mechanical properties of SM-rich domains do not change
rapidly with the addition of small amounts of CHOL. This
could be due to the strength of the headgroup interactions,
which are strong enough to either prevent the initial incorpo-
ration of CHOL or (more likely) maintain the SM-rich
domain structure even with small amounts of CHOL present.
The breakthrough force of the LD remains unchanged at
HIS. The liquid nature of the LD bilayer interior may be fluid
enough to accommodate the CHOL without changing the
headgroup structure, and consequently keep the break-
through force relatively constant.

It is interesting to note that the presence of CHOL dramat-
ically reduces the likelihood of induced packing at the
domain boundaries. The presence of CHOL in the SM-rich
domain may mean an even greater disorder at the boundary,
and the approach of the tip does not cause enough of a rear-
rangement to overcome the extra disorder.

CONCLUSIONS

In this work, we studied the effects of CHOL on the mechan-
ical properties of SLBs by means of FV imaging. The diam-
eter of the AFM tips used in this study was ~15 nm, and
therefore our technique is sensitive to lateral lipid composi-
tion on the scale of 10-20 nm. Because of the lateral hetero-
geneity of bilayers, different regions of the bilayers respond
differently to an applied force, and this response can be
examined in detail by FV imaging. This work provides
substantial evidence of the dynamic rigidity of the different
phase domains as a function of the amount of CHOL in
the system. We have for the first time observed mechanical
induction of order at domain boundaries. Our results indicate
that the mechanical response of the cellular membrane may
be modulated by CHOL organization in a physiological
environment.

SUPPORTING MATERIAL

Methods, three figures, and one table are available at http://www.biophysj.
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